There is increasing evidence supporting the notion that neutrophils and other leukocytes establish cooperative actions in regulating innate and adaptive immune responses. In such a context, we have shown recently that human neutrophils amplify NK cell/slanDC-mediated cytokine production by directly costimulating IFN-␥ production by NK cells, as well as by potentiating IL12p70 release by slanDCs via CD18/ICAM-1 interactions. To gain more insights into the molecular bases of the neutrophil-mediated cytokine potentiation by NK cells and slanDCs under coculture conditions, we now report that neutrophils efficaciously maintain slanDC survival by contact-dependent mechanisms. Such a phenomenon occurs in the absence or presence of NK cells, which, in the presence of LPS and IL-2 or the IL-15/IL-18 combination, accelerates slanDC apoptosis significantly. Noteworthy, ␣ICAM-1-and ␣CD18-neutralizing antibodies, previously shown to suppress IL-12p70 production by slanDCs and consequently, IFN-␥ by NK cells under similar experimental conditions, did not minimally alter the neutrophil-mediated prosurvival effect on slanDCs. Altogether, data not only expand our knowledge on the interactions between human neutrophils and slanDCs but also prove that neutrophil-mediated promotion of slanDC survival and potentiation of slanDC-derived IL-12p70 occur via different mechanisms. J. Leukoc. Biol. 94: 705-710; 2013.
Introduction
PMNs represent essential cellular components for innate defense and resistance to pathogens, as a result of their capacity to act as phagocytic cells and to release lytic enzymes and reactive oxygen intermediates with potent antimicrobial potential [1] . Recent observations have, however, highlighted that neutrophils, although adapting their defensive responses to the specific characteristics of the insult, may also continuously interact and engage crosstalks with immune cells of the innate and adaptive systems to modulate each other's activities [2] . In this latter context, we have recently uncovered a tripartite cellular network within the innate immune system [3, 4] , in which human neutrophils cooperate directly with NK cells and one of the more abundant DC subsets present in the blood, known as slanDCs [5] , to ultimately amplify NK-derived IFN-␥ [3] . Functionally, slanDCs stand out by their more marked capacity than other DC subsets to produce IL-12p70 and TNF-␣ upon stimulation with TLR ligands, including LPS [6] . We showed that neutrophils, when cocultured with NK cells in the presence of LPS and IL-2 or the IL-15/IL-18 combination, potentiate the release of IL-12p70 by slanDCs via cell-dependent interactions occurring between CD18 (on neutrophils) and ICAM-1 (on slanDCs) and that such slanDC-derived IL-12p70 stimulates NK cells to produce IFN-␥ [3] . In turn, NK-derived IFN-␥ was shown to further enhance the release of slanDCderived IL-12p70 under coculture conditions, thus creating a positive-feedback loop [3] . As the other side of the tripartite cellular network, we could also demonstrate that neutrophils directly costimulate the production of IFN-␥ by NK cells via cell-dependent interactions between ICAM-3 (on neutrophils) and likely, the CD18/CD11d complex (on NK cells) [3, 4] . The relevance of these findings was supported by the further demonstration that neutrophils, NK cells, and slanDCs, as well as IL-12p70 and IFN-␥, colocalize in inflamed tissues of Crohn's disease and psoriasis [3] .
Herein, we report that under the same coculture conditions, neutrophils and slanDCs reciprocally protect each other's survival-the positive effect on slanDCs by neutrophils occurring in the presence of NK cells also, in both cases, via contact-dependent mechanisms. We also report that ␣ICAM-1-or ␣CD18-neutralizing antibodies, previously shown to suppress IL12p70/IFN-␥ production by the neutrophil/NK cell/slanDC cellular network [3] , do not block the prosurvival effect on slanDCs mediated by neutrophils, indicating that the latter phenomenon is regulated independently from the CD18/ ICAM-1 interaction.
MATERIALS AND METHODS

Isolation and coculture of neutrophils, NK cells, and slanDCs
Granulocytes and PBMCs were isolated under endotoxin-free conditions from buffy coats of healthy donors. Highly purified neutrophils were obtained as described previously [7] . NK cells were purified by the EasySep NK cell enrichment kit (StemCell Technologies, Vancouver, Canada) from PBMCs, whereas slanDCs were purified by the slan (M-DC8) ϩ monocyte isolation kit (Miltenyi Biotec, Bergisch-Gladbach, Germany) [3] . Immediately after purification, cells were suspended in RPMI-1640 medium, supplemented with 10% low endotoxin FBS (Ͻ0.5 EU/ml; Lonza, Basel, Switzerland), and then plated in 24/48-well culture plates (Falcon; Becton Dickinson, San Diego, CA, USA). For neutrophil/slanDC cocultures, 0.5 ϫ 10 6 neutrophils/ml were incubated with 3.75 ϫ 10 4 slanDCs/ml (e.g., corresponding to 7.5% of neutrophils), whereas for neutrophil/slanDC/NK cocultures, 0.5 ϫ 10 6 NK cells were added to the neutrophil/slanDC wells [3] . Cocultures were treated or not with 100 ng/ml Ultra-Pure Escherichia coli LPS (0111:B4 strain; InvivoGen, San Diego, CA, USA), 100 U/mL IFN-␥, 200 U/ml IL-2 (R&D Systems, Minneapolis, MN, USA), 10 ng/ml IL-15 (Immunotools, Friesoythe, Germany), and 10 ng/ml IL-18 (MBL International, Nagoya, Japan), usually for 18 h. In selected experiments, neutrophils were cultured on top of a 0.4-m pore-size TW (Corning Costar, Cambridge, MA, USA) [3] . In other experiments, the following neutralizing antibodies (mAb) were used: 2 g/mL ␣ICAM-1 (R&D Systems), 10 g/ml F(ab=) 2 ␣CD18 (clone IB4; kindly provided by Dr. Carlo Laudanna, Dept. Pathology and Diagnostics, University of Verona, Italy), or 20 g/ml ␣CD18 (clone 7E4; Thermo Scientific, Fremont, CA, USA), as described previously [3, 4] . All reagents used were of the highest available grade and were dissolved in pyrogen-free water for clinical use. Samples were obtained following donors' informed, written consent. The study has been cleared by the local Ethic Committee, set up by the Azienda Ospedaliera Universitaria Integrata.
Evaluation of cellular apoptosis and analysis of IL12p70 production
The percentage of alive cells was determined using Annexin V staining kit (Miltenyi Biotec) in slanDC/neutrophil or NK cell/slanDC/neutrophil cocultures [3, 8] . Samples were acquired with a FACScan or a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and analysis performed by FlowJo software (TreeStar, Ashland, OR, USA). Their concentration at the beginning of the cocultures refers to the percentage of alive slanDCs. IL-12p70 concentration in cell-free supernatants were measured by a specific ELISA kit (eBioscience, San Diego, CA, USA). 
Statistical analysis
Data are expressed as means Ϯ sem of the number of experiments indicated in each figure legend. Statistical analysis was performed with GraphPad Prism Version 5.0 (GraphPad Software, San Diego, CA, USA). A P value of Ͻ0.05 was considered significant by two-tailed Student's t-test of paired samples.
RESULTS
Neutrophils promote the survival of slanDCs
To gain more insights into the molecular bases of the neutrophil-mediated potentiation of NK-derived IFN-␥, occurring in neutrophil/slanDC/NK cell cocultures [3] , we investigated potential mechanisms, whereby neutrophils could up-regulate the production of IL-12p70 by slanDCs [3] . IL-12p70 is, in fact, crucial in driving the production of IFN-␥ by NK cells under coculture conditions with slanDCs and neutrophils [3] . Thereby, as slanDCs display a poor survival when cultured in the absence of growth factors in vitro [9, 10] , we initially evaluated the possibility that neutrophils could favor the expression of slanDC-derived IL-12p70 [3] , simply by prolonging slanDC viability. In initial experiments, in which we focused on slanDCs cultured alone, not only we could confirm that 20 -30% of slanDCs remain alive after a 18-h incubation (Fig. 1A and B, left part of the graph) [9, 10] , but also, we found that their apoptosis is accelerated in the presence of LPS (Fig. 1A and B, left part of the graph). By contrast, survival of slanDCs was improved significantly if they were cocultured with neutrophils in the presence of LPS (Fig. 1A and B, left part of the graph). Such a neutrophil-dependent, prosurvival action on slanDCs was also evident in cocultures incubated in the presence of LPS and IFN-␥, in which IFN-␥ itself partially counteracted the proapoptotic effect of LPS on slanDCs ( Fig. 2A) and potently primed slanDCs to produce IL-12p70 under the same experimental conditions (Fig. 2B) , as reported previously [3] . Negligible levels of IL-12p70 were, in fact, detected in neutrophil/slanDC cocultures treated with LPS only (Fig. 2B) . On the other hand, the neutrophil-dependent prosurvival action on slanDCs was prevented almost completely if neutrophils were separated from slanDCs by the use of a TW system (Fig.  1C) , therefore pointing to the requirement of contact-dependent interactions between neutrophils and slanDCs to enhance slanDC survival. It is noteworthy that also, the percentage of living neutrophils, measured after their coculture with slanDCs in the presence of LPS, was found to be significantly higher than in the absence of slanDCs (Fig. 1A and B, right part of the graph), suggesting that at least under coculture conditions, neutrophils and slanDCs reciprocally protect each other's survival. Interestingly, we did not find any significant LPS-mediated, protective effect on neutrophil survival (Fig. 1B, right part of the graph), which is in contrast to what was reported previously by Colotta and colleagues [11] . Such a discrepancy is explained easily by the fact that in the experiments described herein, neutrophils were cultured at 5 ϫ 10 5 /ml, whereas in the paper by Colotta et al. [11] , they were cultured at 5 ϫ 10 6 /ml [11] . Indeed, when we cultured neutrophils at 5 ϫ 10 6 /ml [12] , we also observed that LPS promotes neutrophil survival [12] .
Neutrophils promote the survival of slanDCs also in the presence of NK cells
In light of the previous data, we subsequently evaluated whether the prosurvival effect on slanDCs mediated by neutrophils could also take place in the presence of NK cells, when cocultured with LPS and IL-2 or the IL-15/IL-18 combination [3] . As a result, we observed that NK cells, in the absence of neutrophils and under all experimental conditions (particularly upon treatment with LPS alone and even more, with IL-2 or the IL-15/IL-18 combination), negatively influenced slanDC survival ( Fig. 3A and B) , similarly to what was reported already by investigating cocultures of activated NK cells and monocytederived DCs [13, 14] . Nonetheless, the percentage of viable slanDCs was always higher if neutrophils were present in the slanDC/NK cocultures under all experimental conditions (Fig.  3A and B) . Such a neutrophil-dependent, protective effect on slanDC viability was totally lost if NK cells and slanDCs were separated from neutrophils by a TW system (Fig. 3C) , once again consistent with the requirement of direct, contact-dependent interactions between neutrophils and slanDCs. Of note, neutrophil viability was maintained in slanDC/NK/PMN cocul- tures [3] , as it follows: 27 Ϯ 3% in medium alone; 65.2 Ϯ 5.6% with LPS; 44 Ϯ 6.2% with LPS plus IL-2; 43.7 Ϯ 4.4% with LPS plus IL-15/18 (meanϮsem; nϭ5).
Neutrophils promote slanDC survival in an ICAM-1-independent manner
In our previous study, we demonstrated that ␣ICAM-1 mAb inhibits the neutrophil-dependent potentiation of slanDC-derived IL-12p70 under neutrophil/slanDC coculture conditions [3] and the neutrophil-dependent potentiation of IL-12p70 and IFN-␥ production by the neutrophil/slanDC/NK cell cocultures [3] . Thereby, we cultured slanDCs alone (Fig. 4A) or slanDC/NK cell cocultures (Fig. 4B) , with or without neutrophils ( Fig. 4A and B) , in the presence of stimuli and ␣ICAM-1 (together with related isotype control) mAb to evaluate whether the latter agents could influence the increased slanDC survival as well. However, ␣ICAM-1 mAb did not modify at all the increased survival of slanDCs mediated by neutrophils when used in slanDC/neutrophil (Fig. 4A ) or in slanDC/ neutrophil/NK cell (Fig. 4B) cocultures. Similarly, no inhibitory effects on the increased slanDC survival, mediated by neutrophils in LPS-and LPS plus IFN-␥-treated slanDC/neutrophil cocultures, were also exerted by two different CD18-blocking mAb, namely IB4 and 7E4 ( Fig. 2A, and data not shown). By contrast, the same CD18-blocking mAb efficaciously prevented the production of IL-12p70 by cocultures incubated with LPS plus IFN-␥ (Fig. 2B) , as reported already [3] . Taken together, data prove that slanDC-enhanced viability and slanDC-increased ability to produce IL-12p70 [3] are controlled by different pathways.
DISCUSSION
In this study, we have uncovered that human neutrophils exert a potent prosurvival effect on slanDCs, at least under coculture conditions in the presence of LPS, with or without IFN-␥. To our knowledge, this is the first time that human neutrophils are demonstrated to act as modulators of DC viability, as previous studies were only focused on the potential capacity of neutrophils to promote cytokine production or maturation by immature DCs [15] [16] [17] [18] . Consistent with the notion that neutrophils mostly use contact-dependent mechanisms to exert their effects on DCs [15] [16] [17] [18] , their prosurvival effect on slanDCs was also found to be regulated substantially by cell-cell, contactdependent actions not involving IL-12p70, as this cytokine was produced negligibly by neutrophil/slanDC cocultures incubated with LPS only. Of relevance, even the survival of neutrophils was prolonged significantly by their coculture with slanDCs in the presence of LPS, presumably to sustain a continuous, positive, functional feedback loop between the two cell types. In this latter regard, a protracted viability of neutrophils might be critical to interact with and up-regulate the production of IFN-␥ by NK cells under neutrophil/NK cell/ slanDC coculture conditions [3] . However, as suggested by preliminary experiments, the slanDC-mediated, protective effect on neutrophil survival is controlled by endogenous, soluble factors, rather than dependent on cell-cell interactions (unpublished observations).
With the use of neutrophil/slanDC/NK cell cocultures incubated in the presence of LPS and IL-2 or the IL-15/IL-18 combination [3] , we could uncover a potential biological significance of the neutrophil-mediated positive effects on slanDC viability. Indeed, we found that neutrophils, through contactdependent mechanisms, can partially counteract the proapoptotic activities that activated NK cells exert on slanDCs. In such regard, according to our previous data, we would exclude that neutrophils suppress NK cell-mediated cytotoxicity [3] . NK cell-mediated killing of autologous immature DCs actually represents a well-known phenomenon that occurs in vitro [13, 14] and in vivo [19] , which has been proposed to favor not only the initiation of an efficient and protective immune response through the selection of the most immunogenic DCs (i.e., mature DCs) [20] but also the expansion of cancer-specific CTLs by DCs [19] . Herein, we explored the possibility of whether the increased survival of slanDCs mediated by neutrophils had an impact on the neutrophil-mediated enhancement of IL12p70 production by slanDCs [3] but found it not to be the case. In fact, antibody neutralization of ICAM-1 or CD18, which we have previously shown to inhibit the neutrophil-dependent potentiation of IL-12p70 production dramatically by slanDCs, and of IL-12p70 and IFN-␥ by NK cell/slanDC cocultures [3] did not modify the increased survival of slanDCs in the presence of neutrophils, both in the absence and in the presence of NK cells. Taken together, data not only exclude the ICAM-1/CD18 interactions as the events facilitating the neutrophil-mediated, enhanced viability of slanDCs but also rule out that the enhanced survival of slanDCs is involved directly in the feedback loop of IL-12p70 and IFN-␥ in neutrophil/slanDC/NK cell cocultures. Data also highlight how complex the neutrophilmediated tuning of slanDC functions is, as different molecular mechanisms appear to underlie slanDC functionality on the one hand and slanDC survival on the other. AUTHORSHIP M.A.C. is the principal investigator, takes primary responsibility for the work, and wrote the paper. A.M., C.C., F.C., D.C., S.C., and N.T. performed the laboratory work for this study. 
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